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Abstract 

String instanton effects in Higgs physics are discussed through a type IIA model based 
on T 6 /(Z 2 x Z" 2 ) orentifold compactifaction. By inclusion of rigid i?2-branes, the model 
exhibits an MSSM-like spectrum, as well as extra \i and quartic Higgs couplings. These 
extra couplings are induced via E2 instantons non-perturbatively. Setting the string scale 
at 10 18 GeV, one gets interesting TeV Higgs physics. In particlular, the tree-level Higgs 
mass can be uplifted substantially. 
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1 Introduction 



Recently, string instanton effects have been intensively explored in moduli stabilization of 
flux induced compactifications [H [2J, [3] (and references therein) and string phenomenology, 
especially for non-perturbative generation of right-handed neutrino masses and \i term in 
intersecting brane models [U [5j El [7] . These non-perturbative effects come from nonzero 
global charges Q a = N a E o (Tl a — IT^) carried by the instanons, which lead to interesting 
charged matter couplings [8] (for recent reviews, see for example, [91 [TO])- Setting the 
string scale at the order of 10 18 GeV, one finds m u and /i in acceptable ranges without 
any fine-tuning. 

In addition to the \x term, there is another important coupling in Higgs physics, the 
quartic coupling, which controls Higgs boson masses. In the minimal supersymmetric 
standard model (MSSM), the tree- level mass of the lighest Higgs particle h is well below 
the LEPII bound. To make ends meet, one needs substantial radiative contribution to 
mh which is dominated by the stop quark [T5[ [19]. In order to obtain the desired up- 
lifting, both the stop mass and the mixing have to be large. And this greatly constrains 
the parameter space in the MSSM and aggraviates fine tuning problems associated with 
soft mass terms. This provides motivations to make extensions beyond the MSSM, such 
as the next leading-order minimal supersymmetric standard model (NMSSM) [14J and 
beyond minimal supersymmetric standard model (BMSSM)|12[ IT3]. In certain examples, 
extra quaritc Higgs couplings are present which modify tree-level Higgs masses. Their 
significance is controlled by the mechanism of supersymmetry breaking in hidden sector 
and the value of the associated mass scale. 

Motivated by the rich phenomenologies generated by stringy instantons, in this paper 
we will discuss their effects on two important mass scales in Higgs physics, i.e, the \x term 
and the mass scale M associated with the quartic couplings, in T 6 / [Z 2 x Z" 2 ) orentifold 
compactifaction of type IIA theories [20]. They are induced non-perturbatively via E2 
instantons. Setting the string GUT scale at 10 18 GeV, one gets interesting TeV Higgs 
physics. In particlular, the tree-level Higgs mass can be uplifted substantially. 

In section 2, a M = 1 supersymmetric model is constructed that exhibits an MSSM- 
like spectrum (including the right-handed neutrino) with suitable wrapping numbers of 
D6 and E2 branes. In section 3, we discuss the generations of i?2-branes induced \x term 
and quartic couplings. The structure of these quartic terms are explicitly calculated. 
They obviously modify the Higgs masses, which are expressed as expansions of a small 
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parameter e ~ fi/M, as shown in section 4. We conclude in section 5. 



2 The setup 

We discuss an intersecting D6-branes model in T 6 /(Z 2 x Z' 2 ) orentifold of type IIA 
theories. All the moduli are stabilized if non-perturbative i?2-brane instanton effects are 
taken into account [H [2], [3] , and standard model spectrum can be obtained by properly 
arranging the intersecting branes. Shown in table 1 are the wrapping numbers of four- 
stack branes a, b, c, d. The model carries gauge groups Z7 (3) a x U(2) b x U(l) c x Z7(l)d, of 
which all the U(l)i become massive by the Green-Schwarz mechanism except U(1)y, 

Qy = \Qa ~ \Qc - \Q d (2.1) 

The gauge groups then conforms to that of MSSM-like theories. The intersecting number 
I c d = — 3 implies neutrinos vr are also encoded. Shown in table 2 are the chiral spectra 
of theories corresponding to wraping numbers in table 1. 

For the model to be supersymmetric, each stack of branes has to satisfy two conditions 

PI, 



_ y <nt™% = (22) 



too t ■> Tl Tt Tfl 

mimim x 



and 



nln 2 x nl - J] mlm J x n* : U ! U J > (2.3) 

where U 1 = Ry/R^ is the complex structure modulus of 7th torus with radii R ! x , R Y . 
Note that in table 1, N h L>6-branes and N Q 06 branes are added to cancel the tadpoles, 

K 

Y J N a (U a + U' a ) = N U 0fi (2.4) 

0=1 

Also, stacks a and d are parallel in the transverse directions. The open string modes 



stretching between them are massive, of the order L/(y / 27ra7) (L is the transverse dis- 
tance). So matter contents in table 2 are exact in the effective theory below the string 
scale. In addition, two i?2-branes M, N are embedded. We will see in the next section 
that they non-perturbatively induce interesting small \x term and quartic terms in Higgs 
physics, respectively. 
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(n\,m\) 


(nf,mf) 


(n?,m?) 


N a = 6 
N b = A 
N c = 2 
N d = 2 
N h = A 
No = 6 
E2 M 
E2 N 


(1,0) 

(1,1) 
(0,1) 
(1,0) 
(-2,1) 
(1,0) 
(1,0) 
( n iv> ~ n iv) 


(3,1) 
(1,0) 

(o,-i) 

(3,1) 
(-3,1) 

(1,0) 
(1,-1) 


(3,-1/2) 
(1,-1/2) 

(2,0) 
(3,-1/2) 
(-3,1/2) 

(1,0) 
(1,1/2) 

f6<«) 3 1 \ 
V 1-s 



Table 1: Wrapping numbers of _D6-branes and i?2-instantons which wrap on a rigid 
three-cycle on Z 2 x Z' 2 toroidal orentifold. 11^,12% are real numbers (s = (njy) 2 (n 2 N ) 4 ) . 
The model is supersymmetric if U3 = 2U\ = —2U 2 = 1. 



intersection numbers 


matter 


Rep 


hb = lab* = 3 


Ql 


3(3,2) 


lac = —3 


Ur 


3(3,1) 


lac* = 3 


Dr 


3(3,1) 


hb — hb* = 3 


L 


3(1,2) 


led = —3 


vr 


3(1,1) 


hd = 3 


Er 


3(1,1) 


he = "I 


H u 


1(1,2) 


he* = — 1 


H v 


1(1,2) 



Table 2: Chiral matters spectrum for the wraping numbers in table 1. 
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3 Non-perturbative Higgs physics from E2 instanton 



To yield a non-perturbative \i term, one assigns the following intersection numbers be- 
tween i?2-brane and -D6;, )C -branes 

I Mb = — 1, 1Mb* — 0, Imc = Imc* = 1 {he < 0) (3.1) 

The intersection number also has to satisfy, 

hia ~ hi a * =0, {a = a, d) (3.2) 

in order to exclude the extra charged zero modes. The wrapping numbers on E2m are 
2(1, 0)(1, — 1)(1, 1/2), which are determined by the constraints Eq. (13.11) and Eq. (13 . 2 j) . as 
shown in table 1. The number of triangles on each torus is 1, contributing to f/^A^A^e - ^ 
and ifjA^A^e - "^ terms respectively for intersecting (6, c) and (6, c*) branes. This gen- 
erates a [iH u Hd term non-perturbatively in four- dimensional effective theory, as desired 

mum- 

We now discuss the quartic operator -^(H u H d ) 2 and its implication for Higgs physics. 
These operators were constructed in certain BMSSM examples. They can greatly uplift 
Higgs masses when M is in the range of 1 ~ 10 TeV. Similar to the stringy instanton 
induced fi term as shown above, it is possible to construct these quartic terms non- 
perturbatively. That is, the roles played by hidden sectors to generate these operators in 
other models can be totally replaced by stringy instanton effect in our model. 

In order to exclude extra zero modes on D6 a ^-branes, one has the constraints on the 
intersection number E2^ and D6-branes 

Inol = Incx*, (a = a,d) (3.3) 

and 

I Nb = -4, I Nb * = 0, I Nc = I Nc , = 2 (J 6c < 0) (3.4) 

which can be obtained by counting the numbers of charged zero modes that arise from 
strings strechting bewteen the E2^ and -D6;, )C -branes. 

As shown in table 2, the wrapping numbers of -E27v-brane are reprensented by two 
integer (n 1 N ,n 2 N ). E2n also preserve the same supersymmetry as D6-branes, i.e, the 
wrapping numbers of E2n satisfy the constraints Eq. (12. 2p and Eq. (12. 3p . 
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Figure 1: The left and right diagrams correspond to triangles on the first and second tori, 
respectively. In the first torus, E2 and c intersect twice, Ai,A 2 represent their areas. On the 
second and third tori, they intersect only once, whose areas are represented by ^.3 and A4. 

The general strategy to compute charged matters coupling in E2 instanton background 
has been outlined in [8]. In our case, 

4 4 

< {H U H d f > E2 . inst = fd 4 xj2 n(n rfA -) x (n d^e-^e* 

conf a i=l j=l 
X < H u >x aU x a i< H d >A a2 ,A Q2 < H u > Xa3 ,\ a3 < H d > Aa4 ,A a4 (3.5) 

which can be computed via conformal field theory techniques (see also [T71 IE]). To 
appreciate the structure of Eq. (13.51) . we take for exampld^] n l N = 2, n 2 N = 1. They are 
shown by three simple triangles in figure 1. Non-perturbative terms in each torus are 
proportional to 

{H l uKK e ~ Al + HdKK e ~ Al ) + {Hl J KHe- M + H*\me-*) , 

HuKK e ~ A4 + ^KXe- A \ (3.6) 

respectively. Ai is the area in string units of the triangle as shown in the figure 1. Note that 
A2 = 4:A\. The mixing terms between H u Has are highly suppressed due to simplicities 
1 Other choices of n]^ and n 2 N will yield more complex expressions, but similar physics. 
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of triangle structure on the second and third tori. This leads to the following term in the 
four- dimensional effective action, 



A 

Snonpert ^j^^ijkl^-mnpqH u H V ^H^, (3.7) 



where 



r3 



3 



and 



A = Y( r i+W-W-*J E <r 2{Ai+Ai) (3-8) 



M = g s M s V E2 e Smst{E2N) (3.9) 



where V E2 = Vol(E2)/l 3 s , A { = A u (i ^ 1, 2) and A,2 = In(e Al + e M ). The rescaling for 
charged zero modes A — > an d the g s factor independence for each disc imply that 

each disc diagram carries an overall normalization factor 2ir/g s [HE]- Thus, one gets 

H ~ g- x M a e- s ^ mt ^ (3.10) 

Eqs. (I3.9P and (I3.10p determine the significance of non-perturbative stringy effects on 
Higgs physics. With M s ~ 10 18 GeV and V E2M ~ V E2N ~ 10~ 30 , one has /i ~ 100 GeV 
and M ~ 1 TeV. The V E2M N values will increase as n l N and n l N decrease (the ratio of 
VoI E 2n/VoI E2 m is smaller). Without any fine tunning, these mass scales are exactly in the 
range desired by phenomenlogy. We will see in the next section, in particular, tree-level 
Higgs masses can be greatly uplifed. 

There are other possible E2 # instanton induced charged matter couplings. Note that 
for I Nh ^ and I hc = I hc * = 6, which would generate terms < <p h (j) h > E2n , < ^h^h >E2 N 
to hidden matters with correct charged zero modes and other measure assignments. The 
nonzero intersecting number Imn implies the possible existence of 1PI diagrams of multi- 
instantons. These effects are of higher order and will not be included in the present 
analysis. 



4 The Higgs tree-level spectrum 

In MSSM-like models, Higgs physics provides a good window to test new physics. In 
general, Higgs masses are sensitive to supersymmetric breaking hidden sectors. This has 
recently been revisited in the four-dimensional effective field theory formalism [12] . Earlier 



6 



discussions on this topic were present in [13]. It is shown that Higgs masses, especially 
the mass of h can be substantially uplifted by one type of quartic couplings that were 
inherited from hidden sectors or extra dimensions^]. 

In models with two Higgs doublets H u = (H+,H®) and H d = (H®,H^), there are 
8 real Higgs scalars, three are eaten by the massive W bosons, leaving two CP even h 
and H, a CP odd A and two charged particles. The most general form of scalar 
superpotential that contains operators of effective dimension less than 5 is [211 123] 

V = m% u IltH u + m% d I%H d -{Tn^ 

+ X 3 (HtH u )(HlH d ) + K{HlH d ){H\H u ) 

+ (^(H u H d ) 2 + (X 6 HlH u + X 7 H^H d )H u H d + h.c^ (4.1) 

where the /i term and quartic terms come from hidden sectors that break supersymmetry 
in the visible sector in general BMSSM models. In our model they have extra contributions 
of non-perturbative origin. Instead of writing the masses as functions of soft terms fa, it 
is more convenient to express them as three new parameters. Two of them are the VEVs 
of H® and H^, the third is m^o. The dimensionless parameters are in our case, 

x x _ g 2 + g 2 , _ g 2 - g' 2 

Ai - A 2 - , A 3 - , 

A 4 = ~g 2 /2, A 5 = 0, A 6 = A 7 = 2e (4.2) 



(4.3) 



The extra new parameter 

e 4! Km) 

is due to non-perturbative effects, which is in the range of 0.01 ~ 0.1 for typical values of 
M and \x. The modifications on Higgs masses can be expressed as the the functions of v 
and expansion of e. 

5m 2 H± = (4.4) 
5ml = 2v*sinm[2e + 2 2 , m ) +<>(<?) (4.5) 



^/{m A0 - m z y + Am AO m z sin{2f3) 



2 These operators can be constructed in five-dimensional N = 1 supersymmetric theory, in which the 
fifth dimension is compactified on the orbifold S 1 /Z%- The MSSM is founded to be the four-dimensional 
effective field theory [22] . 
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Taking jj ~ 200 GeV, tan(3 = 5, the LEPII Higgs mass bound rrih > 114 GeV can be 
accommodated with the bm^ at tree level when M is below 20 TeV. If tanfi decreases, 
one has to decrease M also to uplift the h mass substantially. However, for moderate 
value of tan/5, there will be a lower bound on M from precision experiments^]. On the 
other hand, the following constraint relation between Higgs masses is unchanged, 



In addition to uplifting these operators introduce new Higgs-Higgsino interactions, 
which provide new channels in neutralino and chargino decays. Pontentially, these phe- 
nomenological implications provides interesting tests of string theory. 

5 conclusions 

In this paper, we have discussed the E2 instanton-induced superpotentials associated 
with Higgs physics in toroidal orentifolds of type IIA theories. All the moduli in flux 
compactifications are stabilized, which is very important to start with. Explicitly, we 
present a M = 1 supersymmetric model including two i?2-branes. They induce the 
required \i term and extra quartic couplings. The later can be used to uplift the mass of 
the lightest Higgs boson, as expected from general analysis of four-dimensional effective 
field theory. In our case, they are generated by non-perturbative stringy instanton effects, 
instead of other mechanisms in the hidden sector. 

The wrapping numbers of this model are described by two real numbers (n^, n 2 E ) , which 
preserve the same supersymmetry as those of D6-branes. The structure of the induced 
quartic couplings can be calculated explicitly. For illustration, we have calculated a very 
simple example, in which the numbers of triangles are less than two on each torus. In 
this simple setting, we had the extra benefit that the mixing terms are highly suppressed. 
With moderate and large tan/3, the mass of the lightest Higgs boson can be uplifted 
substantially to meet the LEPII bound. 

3 M is bounded below by electro- weak precise observables (EWPO). For example, one can obtain a 
constraint on M from the Fermi constant Gf, the masses of mw and mz [24] . 



where %j- = ll^o!! and m% h) = 80.39 ± 0.06 GeV. For tan[3 = 5, one needs M > 2.17 TeV. 



2 i 2 

m A o + m z 



(4.7) 
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Note that in all known intersecting brane models, to generate non-perturbative neu- 
trino masses seem to forbid a non-perturbative /i term at the same time, and vice versa. 
Because the requirement of absence of zero modes in E2 — El' makes it very hard to 
satisfy all tadpole constraints and supersymmetric conditions, as point out in [5]. In our 
case, we havs succeed to generated the \i term and extra quartic couplings, but not the 
desired neutrino masses. Hopefully, this can be remedied in future, without sacrificing 
too much other attractive features in this class of models. 



Acknowledgement 

This work is supported in part by the National Science Foundation of China (10425525). 



References 

[1] R. Blumenhagen, B. Kors, D. Lust and S. Stieberger " Four-dimensional String Com- 
pactifications with D-Branes, Orientifolds and Fluxes," Phys. Rept 445 1, (2007), 



arXiv: hep-th/0610327 



[2] R. Blumenhagen, M. Cvetic, P. Langacker and G. Shiu, " Toward realistic intersecting 



D-brane models," Ann. Rev. Nucl. Part. Sci55 71, (2005), arXiv: hep-th/0502005 



[3] M. Grana, " Flux compactifications in string theory: A Comprehensive review," 



Phys. Rept 423 91, (2006), arXiv: hep-th/0509003, 



[4] M. Buican, D. Malyshev, D. R. Morrison, Herman Verlinde and M. Wijnholt, " D- 
branes at Singularities, Compactification, and Hypercharge," JHEP 0701:107 (2007), 
arXiv: |hep-th/ 06 10007] 

[5] M. Cvetic, R. Richter and T. Weigand, " Computation of D-brane instanton induced 
superpotential couplings: Majorana masses from string theory," Phys. Rev. D76 
086002, (2007), [a7Xiv:hep-th/0703028l 



[6] M. Cvetic and Paul Langacker, " D-Instanton Generated Dirac Neutrino Masses," 
arXiv: larXiv: 0803 .28761 

[7] L.E. Ibanez and A.M. Uranga, "Neutrino Majorana Masses from String Theory In- 
stanton Effects," JHEP 0703:052, (2007), arXiv: |hep-th/0609213l 



9 



[8] R. Blumenhagen, M. Cvetic and T. Weigand, " Spacetime instanton corrections in 
4D string vacua: The Seesaw mechanism for D-Brane models," Nucl. Phys. B 771 
113 (2007), arXiv: |hep-th/060919lj 

[9] N. Akerblom, R. Blumenhagen, D. Lust and M. Schmidt-Sommerfeld, " D-brane 
Instantons in 4D Supersymmetric String Vacua," larXiv:0712. 17931 

[10] M. Cvetic, R. Richter and T. Weigand, " D-brane instanton effects in Type II orien- 
tifolds: Local and global issues," larXiv:0712T2 845 

[11] D. Cremades, L.E. Ibanez and F. Marchesano, "Yukawa couplings in intersecting 
D-brane models," JHEP0307:038 (2003) arXiv: |hep-th/03021~05l 

[12] M. Dine, N. Seiberg and S. Thomas, "Higgs Physics as a Window Beyond the MSSM 
(BMSSM)", hep-th/0707.0005. 

[13] A. Brignole, J. A. Casas, J. R. Espinosa and I. Navarro, "Low-scale supersymmetry 
breaking: Effective description, electroweak breaking and phenomenology," Nucl. 



Phys. B 666, 105 (2003), |hep^ph/030112l| 

J. A. Casas, J. R. Espinosa and I. Hidalgo, "The MSSM fine tuning problem: A way 



out," JHEP 0401, 008 (2004), hep-ph/0310137 



[14] M Drees, "Supersymmetric Models with Extended Higgs Sector," Int. J. Mod. Phys. 
A 4, 3635 (1989); 

U. Ellwanger, M. Rausch de Traubenberg and C. A. Savoy, "Phenomenology of su- 



persymmetric models with a singlet," Nucl. Phys. B 492, 21 (1997), |hep-ph/961 1251 



F. Franke and H. Fraas, "Neutralinos and Higgs Bosons in the Next-To- 
Minimal Supersymmetric Standard Model," Int. J. Mod. Phys. A 12, 479 (1997), 



hep-ph/9512366 



[15] H. E. Haber and R. Hempfling, "Can the Mass of the Lightest Higgs Boson of the 
Minimal Supersymmetric Model be Larger than m^?," Phys. Rev. Lett. 66, 1815 
(1991); 

Y. Okada, M. Yamaguchi and T. Yanagida, "Upper Bound of the Lightest Higgs 
Boson Mass in the Minimal Supersymmetric Standard Model," Prog. Theor. Phys. 
85, 1 (1991); 

J. R. Ellis, G. Ridolfi and F. Zwirner, "Radiative Corrections to the Masses of su- 
persymmetric Higgs Bosons," Phys. Lett. B 257, 83 (1991); 



10 



[16] R. Blumenhagen, M. Cvetic, Fernando Marchesano and G. Shiu, "Chiral D- 
brane models with frozen open string moduli," JHEP 0503 050 (2005), arXiv: 



hep-th/ 0502095, 



[17] N. Akerblom, R. Blumenhagen , D. Lust, E. Plauschinn and M. Schmidt-Sommerfeld, 
"Non-perturbative SQCD Superpotentials from String Instantons," JHEP 0704:076 



(2007), arXiv: hep-th/0612132 



[18] M. Billo et al., Classical gauge instantons from open strings, JHEP 02:045 (2003), 
arXiv:hep-th/021125'0l 



[19] M. Carena, M. Quiros and C. E. M. Wagner, "Effective potential methods and the 



Higgs mass spectrum in the MSSM," Nucl. Phys. B 461, 407 (1996),|hep-ph79508343, 
[20] A. Font, L.E. Ibanez and F. Marchesano, " Coisotropic D8-branes and model- 



building," JHEP 0609 080 (2006), arXiv: hep-th/0607219 



[21] H. E. Haber and R. Hempfling, "The Renormalization group improved Higgs sector of 
the minimal supersymmetric model," Phys. Rev. D 48, 4280 (1993) , hep-ph/9307201| 

[22] Mingxing Luo and Sibo Zheng, in preparation. 

[23] S. P. Martin, " A Supersymmetry primer", |hep-ph/ 9709356, 

[24] M. Masip and A. Pomarol, "Effects of SM Kaluza-Klein excitations on electroweak 



observables" , Phys. Rev. D 60 096005 (1999), hep-ph/9902467 



11 



